INTRODUCTION
O bstructive sleep apnea (OSA) is characterized by snoring, repetitive narrowing or collapse of the pharyngeal airway during sleep with associated blood gas disturbances (hypercapnia and hypoxemia), plus fragmented sleep. Multiple pathophysiological factors contribute to OSA pathogenesis, including the arousal threshold to respiratory stimuli and chemical control instability (loop gain). 1, 2 However, the interaction between compromised pharyngeal anatomy in OSA patients compared to healthy controls [3] [4] [5] and a state-dependent inability of the upper airway dilator muscles (UAMs) to protect pharyngeal patency during sleep are believed to be particularly important underlying mechanisms. 1, 6 Given the importance of UAMs in maintaining patency, decreased UAM function could theoretically contribute to pharyngeal closure. Skeletal muscle myopathies result in muscular weakness or wasting not caused by nerve disorders. 7 Some are genetic in origin (e.g., muscular dystrophy), others can be caused by inflammatory (e.g., polymyositis) or endocrine problems (e.g., hyperthyroidism). Indeed, UA myopathy may be important in OSA pathogenesis in some rare syndromes. [8] [9] [10] However, as will be discussed in detail below, the airway does not obstruct during wakefulness. This fact strongly supports the role of state-related reductions in neural drive to UAMs rather than pharyngeal myopathy being fundamentally important in OSA pathogenesis.
UPPER AIRWAY MYOPATHY IS NOT AN IMPORTANT FACTOR IN OSA PATHOGENESIS Evidence Against Myopathy
In contrast to the presence of UAM weakness in OSA, the force generated via a tongue protrusion and the fatigue properties of the tongue are not different between OSA patients and matched controls during wakefulness. 11 Indeed, there is evidence to suggest that while the UAMs appear to be highly trained, their ability to produce force and tension is elevated rather than diminished compared to snorers. 12, 13 Furthermore, myopathic disorders are diagnosed clinically with motor unit potentials that are small and of short duration. 7 Recent single motor unit data in the genioglossus muscle of OSA patients do not support the presence of these myopathic changes.
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State-Related Reductions in Neural Drive to Upper Airway Muscles
During wakefulness, patients with OSA appear to compensate for their anatomical compromise through protective reflex mechanisms which increase UAM activity to levels higher than that observed in healthy individuals. 1, 6 During sleep onset the electromyographic (EMG) activity of UAMs is reduced even in healthy individuals 16 ; this results in important reductions in airway caliber and reduced ventilation in the OSA patient with compromised UA anatomy. Furthermore, there are several studies that highlight the role of state-dependent reductions in neural drive to UAMs as a critical pathogenic mechanism in OSA. That is, the UAMs are not weak, but drive to the muscles is reduced during sleep. Inhibitory input from sleep regulating neurons to UAMs, independent of central respiratory drive and negative airway pressure, appears to contribute to this effect. 17 In addition, oxygen desaturation and event duration worsen during REM sleep in OSA. 18 Consistent with reduced central respiratory drive to UAMs during REM sleep, when CPAP is applied to minimize UA negative pressure inputs to the largest UAM, the genioglossus, EMG activity is reduced from NREM to REM sleep. 19 Finally, the protective reflex response to negative pressure stimuli is also markedly reduced during REM sleep, 20, 21 further supporting the importance of state-related changes in UAM control. Indeed, these step-wise, state-related decreases in UAM activity (from wakefulness to NREM sleep to REM sleep) coincident with respiratory events can be seen in Figure 1 . In this characteristic example, neural drive to genioglossus (based on EMG activity) yields a respiratory event early in the sleep period (NREM OSA) and more pronounced reductions in muscle activity associated with further deterioration in ventilation during REM sleep.
Ability of Upper Airway Muscles to Respond to Maintain Stable Sleep
While neural drive and UAM responsiveness appear to be reduced from NREM to REM sleep compared to wakefulness early in the respiratory event, these muscles may respond to respiratory stimuli (Figure 1 ), particularly when combinations of stimuli are provided. [22] [23] [24] Indeed, as highlighted by Younes, 25 most OSA patients do experience stable periods of breathing during sleep at least some of the night (Figure 1 , stable NREM). Mechanistically, this effect is likely due to changes in the arousal threshold to respiratory stimuli and compensation via UAMs. 22, 26, 27 Together, these findings strongly refute the importance of myopathy in OSA since sustained periods of stable breathing during sleep via UAM activation could not occur if the muscles were truly weak.
DISEASE PROGRESSION AND CHANGES TO UPPER AIRWAY STRUCTURE AND FUNCTION AS AN EPIPHENOMENON OF OSA
Neuropathy versus Myopathy
Impairment at one or multiple levels within a motor unit (i.e., cell body, axon of the peripheral nerve, neuromuscular junction or the muscle fibers innervated) has the potential to lead to decreased muscle contraction output. 7 It is important to note however, that neuropathic changes are by definition different from myopathic ones, although both may ultimately contribute to muscle weakness. Nonetheless, changes in UAMs may occur in OSA from repeated pharyngeal trauma/vibration via airway closure/snoring, inflammation, and repeated exposure to hypoxia. 28, 29 Indeed, numerous studies have revealed the presence of UA neuropathy and histological changes in OSA. [30] [31] [32] [33] [34] [35] [36] [37] [38] However, others have demonstrated impaired sensory processing of respiratory afferent information in OSA only during sleep, further supporting the state-dependence of the disorder. 
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A A Figure 1 -Respiratory events associated with state-related reductions in upper airway muscle activity and recovery associated with increased activity: What happened to the myopathy? A polysomnographic example of an OSA patient instrumented with fine wire electrodes into the genioglossus muscle (GG) to measure electromyographic activity during an overnight research study. Note the decreased GG muscle tone from wakefulness during the start of the NREM respiratory event (NREM OSA), which was further reduced at the start of the more severe respiratory event during REM sleep (REM OSA). Also note that despite the reduced muscle tone at the beginning of these events the muscle is capable of responding. The apparent myopathy has vanished as can be seen in the elevated GG levels coincident with stable breathing during NREM sleep (stable NREM) and progressive increases in GG activity during the respiratory events which culminate in arousal from sleep (indicated with the downward pointing arrows). GG MTA = 100 ms moving time average of the genioglossus electromyogram, GG raw = raw genioglossus electromyogram, Pepi = epiglottic pressure, Flow = airflow measured via pneumotachograph, and SaO 2 = arterial blood oxygen saturation measured via finger plethysmography.
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Changes in Upper Airway Structure and Muscle Properties Due to Adaptation and Hypoxia: Support for an Epiphenomenon
While structural changes in UAMs may occur in OSA, there are also numerous adaptive changes that take place to preserve UAM function in OSA. Indeed, the histological changes that take place in the UAMs of snorers and OSA patients have been proposed to be an adaptive response without evidence for myopathic changes. 12, 41, 42 Furthermore, one crucial compensatory mechanism mediated by sensory receptors in the UA, the genioglossus negative pressure reflex, appears to be similar if not augmented in OSA patients. 43 Although some have suggested that myopathy may be a mechanism of OSA progression, most evidence shows that OSA, once established, is quite stable in the absence of weight gain. 44 Thus, the observed UAM changes may be an epiphenomenon of OSA (i.e., a marker of vibration injury but of no major pathophysiological importance). The similarity in UAM fiber area frequency distribution, UA sensory function, and fatigue propensity between OSA and non-OSA snorers strongly suggests that other variables are more important. 12, 13, 30, 45, 46 Nonetheless, other studies have shown more pronounced neurogenic lesions and impaired UAM force characteristics in OSA patients compared to controls and snorers. 34, 38 However, the importance of these observed abnormalities could be questioned, since they may reflect a nonspecific consequence of vibration and hypoxemia rather than a cause of OSA. Indeed, nocturnal hypoxemia is believed to result in a generalized neuropathy. 47 Furthermore, training at altitude leads to a shift from aerobic to anaerobic muscle energy metabolism with associated histological changes. 48 Measurement of serum creatine phosphokinase (CK) concentration (an important enzyme involved in energy metabolism of muscle) is often helpful in diagnosing myopathic syndromes as the sarcoplasm of the affected muscles poorly retains such soluble enzymes leading to elevated serum CK levels. 7 Inconsistent with extensive UA myopathy in OSA, the majority of OSA patients have normal CK levels. 49 In addition, in the subset of patients that do have modest CK elevations, mainly those with severe OSA, nocturnal hypoxemia appears to play a role in causing systemic skeletal muscle injury. 49 Thus, the importance of histological abnormalities in various studies could be questioned unless physiological sequelae are demonstrable.
Individual Variability in Upper Airway Muscle Function
As stated, UAMs are capable of responding to respiratory stimuli during sleep (Figure 1) . However, the functional effectiveness of increased UAM activity in restoring airflow during sleep varies substantially between individuals. 22 Emerging data strongly suggest varying roles for pathophysiological abnormalities in different patients with OSA. That is, some patients have primarily anatomical abnormalities, while others have major abnormalities in loop gain (ventilatory control instability) while still others may have an UAM function problem or various combinations of these abnormalities. 1 An OSA patient highly dependent on UAM activity to maintain pharyngeal patency, may be particularly susceptible to disease progression due to changes in UAM function. In theory, some patients may be more prone to muscle weakness/ineffectiveness due to the various possible perpetuating factors (i.e., vibration, hypoxia, inflammation) than others and thus, these patients may contribute to the modest disease progression that is not attributable to weight gain. However, to date, attempts to identify and characterize such patients have been elusive.
SUMMARY
Clearly, UA myopathy is not a major contributing factor to OSA pathogenesis for most patients. Rather, state-dependent reductions in neural drive to UAMs would appear to be a more critical pathogenic mechanism. While there are subtle changes in UA structure and function, there is little evidence to suggest that myopathy per se is important in OSA. Furthermore, most OSA patients are indeed capable of achieving stable periods of breathing at least part of the night, an effect believed to be importantly mediated via compensation of UA dilator muscles. It is extremely difficult to conceptualize how this may occur if myopathy were fundamentally important in OSA pathogenesis.
Furthermore, disease progression appears to be modest at best and is largely explained by increased weight gain. Nonetheless, it is acknowledged that subtle changes in UAM output due to factors such as repeated UA vibration, trauma, inflammation, and hypoxia may contribute to this effect. However, the current evidence would suggest that, if present, most of these changes would appear to be neurogenic rather than truly myopathic in origin. Adaptive processes to preserve UAM function in OSA in spite of these changes also appear to occur. In addition, these apparent changes may be an epiphenomenon rather than functionally important. Finally, some patients may be more vulnerable to UAM weakness with greater consequential functional effects than others, although this remains scarcely studied. Thus, future studies should carefully explore the functional consequences of UAM abnormalities and define which patients, if any, are susceptible to these potentially detrimental effects.
